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High-temperature  X-ray  diffraction  has  been  used  to  investigate  the  phase  stability  of  lanthanum  stron¬ 
tium  cobalt  oxide  (LSC)  for  a  range  of  materials  with  the  formula  Lai_xSrxCo03_5  (x  =  0.7,  0.4,  and  0.2).  The 
stability  of  LSC  increases  with  La  content  in  low  oxygen  partial  pressures  at  high  temperature.  Oxygen 
vacancy  ordering  has  been  observed  for  all  three  compositions  in  either  low  oxygen  pressure  or  under 
reducing  gas,  as  evidenced  by  the  formation  of  the  brownmillerite  phase.  The  crystal  structure  of  the 
vacancy-ordered  phase  was  determined  using  Rietveld  analysis  of  synchrotron  X-ray  diffraction  data. 
The  decomposition  products  under  low  oxygen  pressure  and  in  reducing  conditions  have  been  identified 
and  characterized,  including  the  phase  transition  and  thermal  expansion  of  the  primary  decomposition 
products,  LaSrCo04  and  LaSrCo03.5. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lanthanum  strontium  cobalt  oxide  (LSC,  Lai_xSrxCo03_5)  has 
been  the  subject  of  significant  research  interest  as  a  colossal  magne¬ 
toresistive  material  [1-3],  for  use  as  oxygen  separation  membranes 
[4-7]  and  in  solid  oxide  fuel  cell  cathodes  [7-11].  One  common 
SOFC  cathode  material  is  strontium-doped  lanthanum  magnetite 
(LSM),  which  is  an  excellent  electronic  conductor  and  oxygen 
reduction  catalyst  [12,13].  At  the  lower  operating  temperatures  of 
intermediate-temperature  SOFCs  (800  °C  and  below),  however,  the 
low  conductivity  of  LSM  reduces  efficiency. 

LSC,  unlike  LSM,  is  a  mixed  conductor  and  the  oxygen  sublat¬ 
tice  is  of  critical  importance  in  its  conductivity.  Many  studies  of 
the  oxygen  nonstoichiometry,  magnetic  properties,  conductivity, 
and  thermal  expansion  have  been  published,  and  the  electrical 
behavior  is  well  understood  [6,14-26].  Little,  however,  has  been 
published  concerning  the  phase  stability  under  conditions  of  low 
oxygen  activity. 

In  a  recent  study,  Chen  [15]  used  dilatometry  to  track  changes 
in  the  length  of  monolithic  LSC  bars  as  a  function  of  p02.  Their 
results  clearly  demonstrated  isothermal  volumetric  drifting  in  low 
PO2  static  atmospheres,  where  a  stable  state  was  not  reached  even 
after  a  number  of  days.  They  suggested  that  the  drift  was  related 
to  local  rearrangement  of  cations  to  obtain  a  structure  containing 
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microdomains,  or  possibly  phase  separation,  rather  than  simply  the 
result  of  a  change  in  the  oxidation  state  of  the  B  site  cation. 

A  very  recent  review  by  Petrov  et  al.  [25]  includes  phase  dia¬ 
grams  for  LSC  and  related  materials  and  describes  decomposition 
mechanisms  for  LSC.  However,  the  authors  did  not  detect  vacancy- 
ordered  forms  of  LSC.  Two  studies  of  Lai_xSrxCo03_5  with  x  =  0.5 
(LSC55)  showed  that  (SrLa)2Co04  and  a  cobalt-rich  oxide  form  from 
LSC  under  p02  =  0.012  atm  [20,31  ]. 

Microdomains  appear  to  be  a  common  structural  feature  of  LSC, 
LSCF,  and  SrCo03_d,  having  been  observed  directly  with  electron 
microscopy  by  van  Doom  and  Burggraaf  [6],  Caciuffo  et  al.  [27], 
Bucher  et  al.  [14],  Klie  et  al.  [28],  Bangert  et  al.  [29],  and  Stemmer  et 
al.  [30].  Magnetic  ordering  is  also  a  sensitive  probe  of  the  materials 
at  the  size  scale  of  a  few  unit  cells,  and  several  studies  suggest  cation 
clustering  in  LSC  [21,27]. 

Several  papers  suggest  that  vacancy-ordered  phases  are  formed 
under  conditions  of  low  oxygen  activity.  For  example,  studies  of 
LSC  [27],  Ga-substituted  LSC  [5],  LSCF  [32],  SCF  [33,34],  and  SC  [35] 
all  point  to  vacancy-ordered  phases  but  do  not  include  structural 
information.  The  work  of  Liu  et  al.  [33]  showed  that  SCF  undergoes 
the  transition  to  the  ordered  brownmillerite  through  a  two-phase 
region  that  is  dependent  upon  temperature  and  oxygen  vacancy 
concentration.  The  brownmillerite  takes  the  form  of  (La,Sr)2Co2Os, 
presumably,  by  ordering  oxygen  vacancies  in  alternate  layers  of 
cations. 

The  only  direct  observation  of  vacancy  ordering  in  LSC  was 
reported  by  James  et  al.  [36].  Using  neutron  diffraction,  these 
authors  found  a  very  subtle  ordering  of  oxygen  vacancies,  resulting 
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in  a  tetragonal  cell  that  is  double  the  perovskite  cell  along  the  c-axis 
for  the  high  La  end  of  the  series,  La0.9Sr0.iCoO3_5.  Unfortunately, 
no  additional  crystal  structures  have  been  reported,  and  no  details 
concerning  the  structures  and  stability  ranges  of  the  brownmillerite 
form  of  vacancy-ordered  LSC  are  available. 

2.  Experimental 

LSC  powders  were  obtained  from  Praxair  Ltd.  and  used  as- 
received.  High-temperature  X-ray  diffraction  was  carried  out  using 
a  Siemens  0-0  D500  diffractometer  equipped  with  a  Braun  position 
sensitive  detector  and  high-temperature  furnace  of  custom  design 
with  Co  Ka  radiation  [37].  Gas  flows  were  controlled  using  two 
Omega  FMA5400/5500  mass  flow  controllers,  and  oxygen  concen¬ 
trations  measured  using  a  Thermox  CG1000  oxygen  analyzer  on  the 
outlet  side  of  the  diffraction  furnace.  The  high-temperature  XRD 
experiments  were  carried  out  using  a  heating  rate  of  60°Cmin-1, 
with  measurements  made  every  25  °C.  Measurements  were  made 
over  the  20  range  20-130°  20  using  a  scan  rate  of  10°  min-1.  SEM 
was  carried  out  using  an  FEI  Quanta  200F  field  emission  environ¬ 
mental  SEM  equipped  with  a  hot  stage,  backscatter  detector,  and 
EDX  detector. 

Reagent  grade  powders  of  La2 03 ,  SrC03 ,  and  Co3  O4  were  used  to 
synthesize  pure  SrLaCo04  via  solid-state  synthesis.  The  precursor 
oxides  were  vibratory  milled  in  a  McCrone  Micronising  Mill  with 
alumina  media,  then  dried  and  pressed  into  1.9  cm  diameter  by 
0.5  cm  thick  pellets  at  27.6  MPa.  The  pellets  were  sintered  in  air  at 
1350  °C  for  4h  with  a  ramp  rate  of  500  °C  per  hour  in  a  platinum 
crucible  and  allowed  to  furnace  cool. 

One  ambient-temperature  XRD  pattern  of  the  vacancy-ordered 
LSC  phase  was  measured  using  synchrotron  radiation  at  the 
National  Synchrotron  Light  Source  at  Brookhaven  National  Labo¬ 
ratory.  Beamline  X14A  was  used  to  perform  a  reflection-geometry 
powder  diffraction  experiment  using  a  Gelll  analyzer  crystal 
and  wavelength  =  0.7336  A.  Rietveld  analysis  was  performed  using 
Topas  (Bruker-AXS)  Version  4.  The  specimen  was  prepared  by 
annealing  LSC37  under  flowing  H2  for  2  h  at  275  °C  and  quenching. 

3.  Results  and  discussion 

The  SEM  micrographs  in  Fig.  1  show  the  three  starting  pow¬ 
ders,  LSC37,  LSC64,  and  LSC82.  The  LSC37  powder  appears  to  have  a 
bimodal  size  distribution,  with  larger  particles  in  the  range  of  1  p,m 
and  smaller  particles  of  ~100nm.  The  LSC64  and  LSC82  powders 
have  particle  sizes  on  the  order  of  500  nm.  Ambient-temperature 
XRD  data  showed  all  powders  to  be  phase-pure  LSC. 

Fig.  2  shows  the  in  situ  diffraction  data  for  La0.3Sr0.7CoO3_5 
(LSC37)  powder  heated  and  cooled  under  p02  =  10-5  atm.  LSC 
clearly  transforms  from  cubic  symmetry  with  random  oxygen 
vacancies  to  a  new  form  that  contains  many  additional  diffraction 
lines  as  the  temperature  increases  up  to  800  °C.  The  phase  transi¬ 
tion  shown  in  Fig.  5  can  be  attributed  to  oxygen  vacancy  ordering 
because  the  diffraction  pattern  of  the  high  temperature  form  is 
characteristic  of  the  brownmillerite  structure  that  has  ordered  oxy¬ 
gen  vacancies.  The  oxygen  vacancy  ordering  is  slow  and  occurs  over 
a  broad  temperature  range,  not  unlike  other  order-disorder  transi¬ 
tions.  It  is  interesting  to  note  that  the  ordering  is  reversible,  and  that 
the  ordered  phase  partially  disorders  on  cooling  until  the  structure 
is  frozen  in  at  ~300  °C. 

Rietveld  analysis  of  the  initial  XRD  data  for  the  LSC37  vacancy- 
ordered  specimen  quenched  to  room  temperature  suggested  that 
the  specimen  contained  ~70wt%  of  the  ordered  phase.  A  high- 
resolution  synchrotron  powder  pattern  was  used  to  clarify  the 
unit  cell  symmetry,  although  neutron  diffraction  would  be  ideal 
to  describe  the  oxygen  sublattice. 


Fig.  1.  SEM  micrographs  of  (a)  LSC37,  (b)  LSC64,  and  (c)  LSC82  powders. 


A  review  of  reference  databases  including  the  powder  diffraction 
file  [38]  and  the  inorganic  crystal  structure  database  [39]  resulted 
in  several  possible  transition-metal  oxide  phases  matching  the 
diffraction  pattern  for  the  vacancy-ordered  phase.  The  reported 
space  groups  of  the  similar  brownmillerite-type  phases  include 
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Fig.  2.  In  situ  X-ray  diffraction  data  (Co  radiation,  A.  =  1.79  A)  for  LSC37  heated  to 
800  °C  and  then  cooled  to  room  temperature  under  p02  =  10-5  atm.  Data  are  shown 
at25°C  intervals. 


Ima2,  P nma,  and  I mma.  The  reference  data  for  the  lowest-symmetry 
structure,  Sr2Co205,  Ima2  [40]  provided  the  best  match  to  the 
measured  intensities,  and  was  used  as  the  starting  model  in  the 
refinement. 

During  refinement,  the  model  was  tested  as  a  random  solid  solu¬ 
tion  of  La  and  Sr  on  the  Sr  sites.  No  ordering  was  detected,  and 
subsequent  attempts  to  refine  the  La  and  Sr  positions  indepen¬ 
dently  did  not  improve  the  refinement  results.  Therefore,  the  La 
and  Sr  positions  were  constrained  to  occupy  the  same  site,  and 
their  isotropic  displacement  parameters  were  constrained  to  be 
the  same.  The  final  refinement  is  shown  in  Fig.  3,  with  the  struc- 


Fig.  3.  Rietveld  analysis  of  partially  vacancy-ordered  LSC37  at  room  temperature. 
Observed  and  difference  patterns  are  shown,  with  tick  marks  for  vacancy-ordered 
LSC  (top)  and  cubic  LSC  (bottom).  Synchrotron  radiation,  A  =  0.7336  A. 


Fig.  4.  Refined  structure  of  vacancy-ordered  LSC37. 


ture  shown  in  Fig.  4  and  the  structural  and  refinement  details  in 
Tables  1  and  2. 

Although  the  cation  positions  in  La0.3Sr0.7CoO2.5  are  shifted 
slightly  from  those  in  the  starting  model  for  Sr2Co205,  all  of  the 
bond  lengths  remain  reasonable  for  both  the  tetrahedral  and  octa¬ 
hedral  Co  polyhedra.  The  03  position  was  successfully  refined,  to 
accommodate  a  shift  in  the  Co2  position  that  resulted  in  a  slightly 
elongated  Co2-03  bond  length.  The  average  bond  lengths  in  the 


Table  1 

Data  collection  details,  crystal  data  and  structure  refinement  parameters  for  Lao.3Sr0.7Co02.5 
Formula 

Specimen  dimensions 

Space  group 

Unit  cell  (25  ±2  °C) 

Calculated  linear  absorption  coefficient  (cm-1 ) 

Mass  density  (gem-3) 

Wavelength 
Data  range 

Weighted  residual,  Rwp 
GOF 


Lao.3Sro.7Co02.5 

Powder,  reflection  geometry,  3  mm  thick 
lma.2 

a  =  15.9536  (7),  b  =  5.5405  (2),  c  =  5.4339  (2)  A  and  volume  =  480.31  (3)  A3 

315 

5.59 

0.73363  A 

4  <20  <85°;  10<d<0.54A 
9.6% 


1.5 
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Table  2 

Atomic  coordinates,  occupancies,  and  equivalent  isotropic  displacement  parameters 
for  Lao.3Sr0.7Co02.5 


Co04  and  Co06  polyhedra  in  Lao.3Sr0.7Co02.5  are  within  0.004  A  of 
those  in  Sr2Co205  and  are  therefore  not  listed  separately  herein. 

Using  the  structure  model  for  the  vacancy-ordered  phase, 
Rietveld  analysis  was  used  to  quantify  the  phase  assemblage  for 
three  compositions  of  LSC  as  a  function  of  oxygen  activity  and 
temperature.  In  the  case  of  LSC37,  oxygen  vacancy  ordering  at 
intermediate  temperatures  was  followed  by  disordering  at  higher 
temperature  to  form  a  defect  perovskite,  so  that  the  ordering 
sequence  follows:  disordered  ->  ordered  ->  disordered. 

Fig.  5  shows  the  results  for  LSC37,  demonstrating  that  the  transi¬ 
tion  to  the  brownmillerite  phase  begins  at  ~300  °C  under  10-4  and 
10-3  atm  oxygen,  and  is  not  detected  until  ~400  °C  under  10-3  atm 
oxygen.  The  extent  of  conversion  to  the  brownmillerite  phase  is 
of  course  a  function  of  the  oxygen  activity,  composition,  temper¬ 
ature,  and  time.  Liu  et  al.  [33]  showed  that  SCF  goes  through  a 
two-phase  region  bounded  by  the  defect  perovskite  at  higher  oxy¬ 
gen  content  and  the  brownmillerite  at  lower  oxygen  content  and 
showed  that  the  ordering  reaction  is  slow,  probably  a  result  of  Fe 
and  Co  rearrangement.  The  results  shown  in  Fig.  5  suggest  that 
LSC37  also  passes  through  a  two-phase  region  because  disordering 
occurs  before  vacancy  ordering  has  gone  to  completion.  Although 
we  have  probably  not  equilibrated  the  specimens  during  the  in  situ 
XRD  measurement,  the  extent  of  conversion  to  the  ordered  phase 
trends  with  oxygen  partial  pressure.  As  shown  in  Fig.  5,  the  conver¬ 
sion  to  the  vacancy-ordered  phase  reaches  48,  46,  22,  and  16wt% 
for  10-5, 10-4, 10-3,  and  10-2  atm  oxygen,  respectively. 

Also  shown  in  Fig.  5  is  the  trend  of  high-temperature  oxygen 
vacancy  disordering,  where  lower  oxygen  activity  raises  the  dis¬ 
ordering  temperature.  Vacancy  disordering  at  high  temperature 
has  been  detected  in  other  cobaltites,  for  example  LSCF  which  also 
shows  a  transition  from  the  ordered  brownmillerite  phase  to  dis¬ 
ordered  perovskite  structure  on  heating  [32].  Sr2Coi.6Fe0.4O5  and 
Ba2In205  are  additional  examples  of  ionic  and  mixed  conductors 


Fig.  5.  Fraction  of  vacancy-ordered  LSC37  as  a  function  of  temperature  for 
p02  =  10-4,  10-3,  and  10-2  atm.  Error  bars  are  slightly  larger  than  the  symbols  and 
not  shown. 


Fig.  6.  In  situ  X-ray  diffraction  data  (Co  radiation,  A.  =  1.79  A)  for  LSC37  heated  in 
4%  hydrogen.  Data  are  shown  in  steps  of  75°C.  A  =  La203,  B  =  SrO,  C  =  Co,  D  =  LSC37, 
E  =  vacancy-ordered  LSC37  and  F  =  SrLaCo04. 


that  display  transitions  to  disordered,  cubic  polymorphs  on  heating 
[34,38]. 

LSC37  becomes  unstable  beginning  at  ~925°C  and 
p02  =  10-5atm  and  at  1000 °C  under  pO2  =  10-4  atm.  In  both 
cases,  LSC37  decomposes  to  form  (La,Sr)2Co04  and  CoO,  in  agree¬ 
ment  with  earlier  work  on  LSC55  [20,31].  The  (La,Sr)2Co04  phase 
has  been  reasonably  well  characterized,  having  found  application 
as  an  oxidation  catalyst  [39],  and  being  related  to  the  SOFC  cathode 
materials.  It  crystallizes  in  the  K2NiF4  structure  type  and  is  the 
n  =  1  member  of  the  Ruddlesden-Popper  series. 

Extending  the  atmosphere  to  reducing  conditions,  4%  H2  in  N2, 
results  in  further  phase  decomposition.  Fig.  6  shows  the  phase 
evolution  for  LSC37  heated  under  4%  FI2.  Initial  formation  of  the 
vacancy-ordered  phase  occurs  at  200  °C.  At  350  °C  decomposition 
begins  as  CoO  begins  to  form,  together  with  a  small  amount  of  SrO 
and  (La,Sr)2Co035.  The  latter  phase  is  interesting  in  that  it  is  the 
reduction  product  of  LaSrCo04  [41  ]  and  is  described  in  more  detail 
below. 

From  675  °C  upward,  the  final  set  of  products  begins  to  form 
from  LSC37,  yielding  La203,  SrO,  and  Co  metal.  These  remain  stable 
up  to  1000  °C,  and  upon  cooling  to  room  temperature.  On  exposure 
to  air,  however,  even  at  room  temperature,  the  products  decompose 
to  a  complex  series  of  hydroxides  and  carbonates.  The  decompo¬ 
sition  sequence  is  completely  reversible,  however;  reheating  the 
reduced  products  in  air  at  1000  °C  yields  pure  LSC37  within  a  few 
minutes. 

Fleyward  and  Rosseinsky  determined  the  crystal  and  magnetic 
structures  of  LaSrCo035  [41  ],  but  details  of  the  phase  transition  and 
thermal  expansion  are  not  available.  To  better  understand  the  oxy¬ 
gen  deficient  phase,  we  prepared  pure  LaSrCo04  and  measured  the 
reduction  to  LaSrCo03  5  in  situ.  The  result  of  reduction  under  4% 
H2  is  shown  in  Fig.  7,  suggesting  a  direct  transition  to  the  reduced 
phase  with  no  intermediates,  beginning  at  380  °C.  Further  heating 
results  in  complete  transition  to  LaSrCo03.5  by  ~450°C,  followed 
by  decomposition  beginning  at  ~600°C.  LaSrCo03  5  remained  sta¬ 
ble  upon  cooling  at  ~100°Cmin-1  to  room  temperature,  and  was 
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Fig.  7.  High-temperature  diffraction  data  (Co  radiation,  A,  =  1.79  A)  for  LaSrCo04 
heated  under  4%  H2.  Transition  from  LaSrCo04  to  LaSrCoCH.s  begins  at  390  °C.  Data 
are  shown  at  20  °C  intervals. 


completely  reversible,  transforming  back  to  the  fully  oxidized  phase 
on  reheating  in  air. 

Tracking  the  unit  cell  parameters  of  the  tetragonal  cell  as  a  func¬ 
tion  of  temperature  under  air,  10-5  atm  oxygen  and  4%  H2  yields  the 
result  in  Fig.  8.  Using  the  unit  cell  volume  expansion  to  estimate  the 
linear  coefficient  of  thermal  expansion  (CTE)  for  LaSrCo04  results 
in  a  value  of  22.3  ppmK-1  (RT  to  850  °C)  and  20.3  ppmK-1  (RT  to 
600  °C).  The  CTE  for  the  oxygen-deficient  LaSrCo03.5  is  substantially 
lower  over  its  stability  range,  13.4  ppm  K-1  (RT  to  600  °C). 

The  phase  decomposition  sequence  was  also  determined  for 
LSC64  and  LSC82  to  probe  the  effects  of  the  A-site  chemistry  on  sta¬ 
bility.  LSC64  is  rhombohedral  at  room  temperature  and  transforms 
to  cubic  symmetry  on  heating  in  air.  As  with  LSC37,  LSC64  is  stable 
in  1%  02,  but  is  also  stable  in  10-3  atm  02  to  1000  °C.  In  10-4  and 
10-5  atm  oxygen,  LSC64  was  observed  to  decompose  at  1000  and 
950  °C,  respectively.  The  decomposition  products  are  LaSrCo04  and 
CoO.  In  both  cases  the  decomposition  phases  persisted  on  cooling 
back  to  room  temperature.  The  phase  transition  to  the  brownmil- 
lerite  phase  was  not  observed  for  LSC64  or  LSC82  down  to  10-5  atm 
oxygen;  however,  as  will  be  shown  later,  the  brownmillerite  phases 
do  form  under  reducing  gas.  This  can  be  explained  in  terms  of  the 
vacancy  concentrations  in  the  starting  materials:  since  LSC64  and 
LSC82  begin  with  significantly  less  Sr2+  ions  than  LSC37,  the  struc¬ 
ture  is  closer  to  the  A3+B3+03  parent  compound  and  contains  fewer 
oxygen  vacancies.  It  appears  that  even  partial  ordering  to  form  some 


Fig.  8.  Unit  cell  volume  vs.  temperature  for  LaSrCo04  and  LaSrCo03  5  under  10-5  atm 
oxygen,  air,  and  4%  H2.  Error  bars  are  smaller  than  the  symbols  and  not  shown. 
Reduction  of  LaSrCo04  to  LaSrCo03.5  is  evident  under  H2. 
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Fig.  9.  In  situ  X-ray  diffraction  patterns  (Co  radiation,  A  =  1.79  A)  for  LSC64  heated  in 
4%  hydrogen.  Data  are  shown  in  steps  of  75  °C.  A  =  La203,  B  =  SrO,  C  =  Co,  D  =  LSC64, 
E  =  vacancy-ordered  oxygen  deficient  LSC64  and  F  =  SrLaCo04. 

fraction  of  the  AB02.5  compound  requires  some  minimum  vacancy 
concentration,  probably  on  the  order  of  £~0.3,  a  value  between 
that  of  LSC37  and  LSC64  [15]. 

In  Fig.  9  we  can  see  the  effect  of  heating  LSC64  in  a  reducing 
atmosphere.  As  with  LSC37,  LSC64  forms  a  brownmillerite  phase 
in  4%  H2  at  a  relatively  low  temperature  (250  °C),  and  then  under¬ 
goes  a  disordering  transition  back  to  the  cubic  perovskite  at  375  °C, 
at  which  temperature  decomposition  also  begins  and  LaSrCo04 
begins  to  form.  Above  400  °C  a  second  set  of  decomposition  prod¬ 
ucts  begins  to  form  (La203,  SrO,  and  Co  metal),  and  LaSrCo04  has 
reacted  away  by  600  °C.  These  products  remain  constant  up  to 
1000  °C  and  through  cooling  to  room  temperature.  Again,  reheat¬ 
ing  the  product  in  air  at  1000  °C  resulted  in  LSC64  reforming  within 
minutes. 

LSC82  is  also  rhombohedral  at  room  temperature  and  is  stable 
in  oxygen  partial  pressures  of  1%  and  10-3  atm  oxygen  to  1000  °C. 
LSC82  is  the  most  stable  of  the  three  compositions,  with  the  first 
sign  of  decomposition  to  form  (La,Sr)2Co04  evident  under  10-4  atm 
at  1000  °C,  but  only  after  holding  for  ~30  min.  At  10-5  atm  oxygen, 
LSC82  begins  to  decompose  at  1000  °C  within  minutes. 

The  decomposition  of  LSC82  in  4%  EI2  follows  the  same  path  as 
the  other  LSC  samples.  At  325  °C  initial  vacancy  ordering  occurs, 
but,  unlike  the  LSC64,  no  vacancy  disordering  is  observed  before 
decomposition  begins.  At  550 °C,  La203,  SrO,  and  Co  metal  form, 
which  persist  to  1000  °C  and  back  to  room  temperature.  Again, 
reheating  these  products  in  air  to  1000  °C  results  in  reaction  to  form 
LSC82. 

The  stability  at  reduced  oxygen  pressure  is  a  function  of  A-site 
chemistry  for  the  LSC  series  studied.  For  example,  at  10-5  atm  oxy¬ 
gen,  LSC37,  LSC64,  and  LSC82  first  decompose  at  925,  950,  and 
1000  °C.  The  first  appearance  of  the  brownmillerite  phase  under 
H2  follows  the  same  trend,  and  occurs  at  ~200, 250,  and  325  °C  for 
LSC37,  LSC64,  and  LSC82,  respectively.  This  trend  is  attributed  to 
the  starting  oxygen  vacancy  concentration,  which  increases  with 
Sr  content. 

Some  questions  in  the  literature  regarding  the  phase  behav¬ 
ior  of  LSC  at  low  oxygen  pressures  are  clarified  by  careful 
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Temperature  (°C) 

Fig.  10.  Calculated  composite  unit  cell  volume  and  the  unit  cell  volume  for  LSC37, 
demonstrating  the  overall  decrease  in  density  resulting  from  the  presence  of  the 
vacancy-ordered  phase. 

examination  of  the  in  situ  XRD  data.  Chen  et  al.  [15]  studied  LSC37, 
LSC64,  and  LSC82  as  a  function  of  oxygen  pressure  over  the  range 
10-4  atm  <p02  <0.21  atm  using  dilatometry.  The  authors  noted  a 
long-term  drift,  on  the  order  of  a  few  percent,  in  the  measured  sam¬ 
ple  lengths  over  the  course  of  several  days.  In  order  to  compare  our 
results  with  those  of  Chen  [15],  we  used  the  in  situ  diffraction  data 
to  estimate  the  sample  size  as  a  function  of  the  degree  of  conversion 
to  the  vacancy-ordered  LSC  phase. 

The  two-phase  system  consisting  of  cubic  LSC  and  orthorhombic 
vacancy-ordered  LSC  was  treated  as  a  composite  with  linear  mix¬ 
ing.  The  orthorhombic  cell  was  converted  to  an  equivalent  cubic 
unit  cell,  and  the  weight  fractions  of  each  phase  were  used  to  cal¬ 
culate  the  equivalent  composite  unit  cell  volume.  Fig.  10  shows  the 
result,  demonstrating  that  the  mass  density  of  the  vacancy-ordered 
phase  is  significantly  lower  that  that  of  cubic  LSC.  Indeed,  Rietveld 
analysis  of  the  XRD  data  at  800  °C  and  10-5  atm  oxygen  yield  densi¬ 
ties  of  5.42  and  5.75  g  cm-3  for  the  vacancy-ordered  and  LSC  phases, 
respectively.  It  is  interesting  to  note  that  the  change  in  sample  vol¬ 
ume  as  a  result  of  10-50  wt%  of  the  vacancy-ordered  phase  is  on 
the  order  of  one  to  a  few  percent.  This  magnitude  of  change  in  sam¬ 
ple  dimensions  is  in  agreement  with  the  long-term  drifts  detected 
by  Chen  [15]  and  therefore  is  the  likely  explanation  for  their 
observations. 

4.  Conclusions 

The  phase  stability  of  Lai_xSrxCo03_5  has  been  shown  to 
increase  with  decreasing  x  at  high  temperature  and  low  oxygen 
partial  pressure  or  under  reducing  conditions.  A  new  vacancy- 
ordered  phase  has  been  observed  in  situ.  The  ordered  phase 
develops  on  heating  in  low  oxygen  atmospheres,  and  adopts 
the  brownmillerite  structure.  The  vacancy-ordered  phases  dis¬ 
order  on  heating,  resulting  in  a  vacancy  ordering  sequence  of 
disordered  ->►  ordered  disordered.  The  onset  of  oxygen  vacancy 
ordering  is  a  function  of  oxygen  content,  with  initial  vacancy 
ordering  under  4%  H2  occurring  at  200,  250,  and  325  °C  for 
LSC37,  LSC64,  and  LSC82,  respectively.  All  three  materials  decom¬ 
pose  when  held  in  p02  as  low  as  10-5atm  by  1000  °C,  to 
form  (SrLa)2Co04  as  a  primary  decomposition  product.  Again, 
stability  is  higher  with  increasing  La  content.  Under  reducing 
conditions  of  4%  H2,  (SrLa)2Co04  transforms  to  (La,Sr)2Co03.5, 
which  has  a  substantially  lower  CTE  than  the  stoichiometric 
phase. 
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